In Photosystem II, loop E of the chlorophyll-binding CP47 protein is located near a redox-active tyrosine, Y D , forming a symmetrical analog to loop E in CP43, which provides a ligand to the oxygen-evolving complex (OEC). A Glu364 to Gln substitution in CP47, near Y D , does not affect growth in the cyanobacterium Synechocystis sp. PCC 6803; however, deletion of the extrinsic protein PsbV in this mutant leads to a strain displaying a pH-sensitive phenotype. Using thermoluminescence, chlorophyll fluorescence, and flashinduced oxygen evolution analyses, we demonstrate that Glu364 influences the stability of Y D and the redox state of the OEC, and highlight the effects of external pH on photosynthetic electron transfer in intact cyanobacterial cells.
In Photosystem II, loop E of the chlorophyll-binding CP47 protein is located near a redox-active tyrosine, Y D , forming a symmetrical analog to loop E in CP43, which provides a ligand to the oxygen-evolving complex (OEC). A Glu364 to Gln substitution in CP47, near Y D , does not affect growth in the cyanobacterium Synechocystis sp. PCC 6803; however, deletion of the extrinsic protein PsbV in this mutant leads to a strain displaying a pH-sensitive phenotype. Using thermoluminescence, chlorophyll fluorescence, and flashinduced oxygen evolution analyses, we demonstrate that Glu364 influences the stability of Y D and the redox state of the OEC, and highlight the effects of external pH on photosynthetic electron transfer in intact cyanobacterial cells.
Keywords: CP47; cyanobacteria; oxygen-evolving complex; Photosystem II; Synechocystis sp. PCC 6803; TyrD; Y D Photosystem II (PS II) is a light-driven water-plastoquinone oxidoreductase. In PS II, excitation of the four-chlorophyll P 680 reaction center (RC) initiates a series of electron transfer steps via pheophytin to the primary and secondary plastoquinone acceptors (Q A and Q B , respectively) forming plastoquinol (Q B H 2 ): these reactions are accompanied by the sequential extraction of electrons from water to fill the hole on P 680 via a bound Mn 4 CaO 5 oxygen-evolving complex (OEC) [1] . The PS II core complex includes the chlorophyll-binding antenna proteins CP43 and CP47 which are found adjacent to the RC proteins D1 and D2, respectively. In cyanobacteria, the PS II core is surrounded by 13 low molecular weight, membrane-spanning subunits and capped by up to four hydrophilic subunits on the lumenal face of the photosystem [2] [3] [4] . A similar arrangement among the peripheral subunits is found in eukaryotic organisms and the PS II core is conserved [5, 6] .
Two redox-active tyrosine residues, Y Z (D1 Tyr161) and Y D (D2 Tyr160), are located in symmetrical positions around P 680 [1, 7] . During photosynthetic electron ) is stable for minutes and is not involved in water oxidation directly, but is involved in charge equilibrium with the OEC [1, [10] [11] [12] [13] . Although S 0 is the most reduced OEC state, S 1 is the dark-stable state, due to the reduction of Y D (ox) to yield S 1 Y D OEC centers [10, 14] .
Both CP43 and CP47 possess six membrane-spanning helices joined by hydrophilic loops (loops A-E). In both proteins loop E is a large lumenal loop, comprising~130 amino acids in CP43 and~190 residues in CP47 [15] . While Glu354 and Arg357 of Loop E from CP43 are in the first and second coordination spheres of the OEC, respectively, a conserved Phe362-Phe363-Glu364 region in loop E of CP47 contributes to a hydrophobic pocket around Y D [3] . This hydrophobic pocket ( Fig. 1 ) is thought to be important for the formation of the hydrogen bond network surrounding Y D that permits electron transfer from Y D to P 680 + ; accordingly, the hydrophobic pocket may also reduce damaging charge recombination from the PS II acceptor side (via the P 680 RC) to the Y D˙r adical, because of the lack of an available proton [9, 10] . Glu364 is within H-bonding distance (~2.8 A) to D2 Arg294, which coordinates His D [10, 16] , and this residue might therefore be important for the release of the phenolic proton of Y D to the available water [8, 9, 17] . However, in the cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803), CP47 Glu364 to Gln or Glu364 to Gly substitutions produced strains similar to the wild-type, in contrast to severely impaired growth in a Phe363 to Arg mutant [18] [19] [20] [21] . Loop E of CP47 extends into the thylakoid lumen and is involved in binding of the cyanobacterial PS II extrinsic subunit PsbO, which, along with the PsbU, PsbV, and possibly CyanoQ proteins, protects the OEC and Y D from the reductive environment of the lumen and is necessary for maximal rates of oxygen evolution [2, 22] . Deletion of PsbV in the CP47 E364Q mutant of Synechocystis 6803 resulted in a strain displaying a pH-sensitive phenotype, in which PS II function and assembly were reduced and photoautotrophic growth was not possible at pH 7.5; however, pH 10.0 rescued growth and PS II function [23, 24] .
A number of pH-sensitive PS II mutants of Synechocystis 6803 carrying deletions in PS II extrinsic proteins have been reported [23] [24] [25] [26] [27] , despite the physical separation of the thylakoid lumen from changes in environmental pH. To investigate possible mechanisms for this phenomenon [28] , and with recent studies highlighting Glu364 as an important residue in the Y D pocket [9, 17, 29] , we were prompted to look again at the E364Q mutant in the context of possible redox perturbations around Y D . In the case of the pH 7.5 nonphotoautotrophic E364Q:ΔPsbV strain, we hypothesized that an altered environment around Y D at pH 7.5 compounds the contribution of PsbV removal to pH sensitivity. Thus, we investigated PS II activity in the E364Q and E364Q:ΔPsbV mutants, compared to wild-type and the ΔPsbV strain. By determination of thermoluminescence (TL), chlorophyll a (hereafter chlorophyll) fluorescence decay measurements, and flash-induced oxygen production, we demonstrate that CP47 Glu364 is important for charge recombination in PS II, and suggest a mechanism by which altered Y D oxidation contributes to the pH-sensitivity of the E364Q:ΔPsbV mutant. [8, 9] . The figure was drawn using PyMOL [52] and PDB 4UB6 [16] .
Materials and methods

Strains and culture conditions
Glucose-tolerant Synechocystis 6803 strains used in this work are listed in Table 1 , and were grown using BG-11 liquid and solid media [30] in the presence of 5 mM glucose (unless indicated otherwise) and appropriate antibiotics, and maintained at 30°C under continuous~40 lEÁm À2 Ás À1 illumination as described previously [31] . For physiological measurements, liquid cultures in mid-late logarithmic growth phase were harvested by centrifugation at~2500 g, washed twice with BG-11, and resuspended in BG-11 media buffered with either 25 mM HEPES-NaOH pH 7.5 or 25 mM CAPS-NaOH pH 10.0. Cells were incubated at 5 lg chlorophyllÁmL À1 until the initiation of measurements, after 8 or 24 h, as appropriate to the experiment. For some measurements of flash-induced oxygen evolution, 5 mM glucose was added during the incubation period.
Physiological measurements
Measurement of TL was carried out using a custom-built machine [32, 33] . For determination of TL, cells were subjected to 30 s of 250 lEÁm
À2
Ás À1 illumination at 20°C and 3 min dark adaptation at 20°C prior to cooling to À20°C, whereupon a single-turnover actinic flash was provided by a xenon flash bulb. Samples were cooled to À40°C, and subsequently warmed to 80°C at a rate of 20°CÁmin À1 , during which time the TL photon yield was measured. Measurements were made in the presence and absence of 20 lM 3,4-dichloro-1,1-dimethyl urea (DCMU), which was applied during the dark adaptation period. Data were analyzed by curve fitting to determine peak amplitude and peak temperatures using custom-made software, as in Ref. [34] . Flash-induced oxygen evolution was determined using a custom-built Joliot-type electrode [35] as described previously [36] . Briefly, intact cells (equivalent to 2.5 lg chlorophyll) were dark adapted for 5 min in direct contact with a bare platinum cathode and illuminated with saturating single-turnover actinic flashes provided by a 617 nm LED array. Twenty flashes at 4 Hz were used, with a flash width of 4-8 ls.
Room temperature chlorophyll fluorescence decay and induction measurements using cells dark adapted for 5 min prior to measurements were made using an FL-3000 double-modulation fluorimeter (Photon Systems Instruments, Brno, Czech Republic) using parameters previously described [37] . Fluorescence decay measurements were made in the presence and absence of 20 lM DCMU added in the dark adaptation period, and fluorescence decay data were analyzed using the software ORIGIN 2017 (OriginLab, MA, USA), using a fitting algorithm previously described [34, 38] .
The PS I oxidation state in cells was determined by P 700 -dependent absorbance changes in the near-infrared (A 875 nm ÀA 830 nm ) induced by illumination with 635 nm actinic light (~1000 lEÁm À2 Ás À1 ) [39] using a Dual-PAM-100 measuring system (Walz, Effeltrich, Germany). Cells were dark adapted for 5 min prior to measurements, and data were baseline corrected and normalized to the P 700 + oxidation state maxima.
Results
pH, and the Glu364 to Gln substitution, affects thermoluminescence yield and C band stability
To assess the effects of the Glu364 to Gln mutation and pH on charge recombination in PS II, Synechocystis 6803 strains were incubated under photoautotrophic conditions at pH 7.5 and pH 10.0 for 8 h, and the TL from these strains was determined. and Q A À at higher pH ( Fig. 2 , Table 2 ). However, the B band TL yield was similar at both pH values for wild-type and the B band yield was larger at pH 10 than pH 7.5 in E364Q cells ( Fig. 2A ; Table 2 ). In addition, in the presence of DCMU, the intensity of the C band in the ΔPsbV strain was somewhat larger at pH 7.5 than at pH 10 while the C band was similar at both pH values in E364Q:ΔPsbV cells (Fig. 2D , Table 2 ). Strikingly, the E364Q mutant emitted B, Q, and C band TL at a much greater level than wild-type cells, and both mutants lacking PsbV had reduced TL yield, likely due to reduced PS II levels in these strains [23] . Moreover, C band yield was enhanced in E364Q: Growth conditions: strains were assayed after 8 h in pH 7.5/pH 10.0 photoautotrophic conditions in the absence and presence of DCMU (mean AE SEM, n = 3-5).
a Fit based on a single curve due to signal to noise in these cells.
ΔPsbV strain, between pH levels, but both mutants carrying the Glu364 to Gln substitution showed enhanced B and Q band stability at pH 10.0. Compared to the wild-type, all mutants showed enhanced Q band T max (S 2 Q A À stability), with an apparent additive effect from the Glu364 to Gln substitution and removal of PsbV in the E364Q:ΔPsbV double mutant. Similar to TL yield, the C band T max was generally enhanced at pH 10.0 in the presence and absence of DCMU, indicating an increase in Y D
Q A À stability at higher pH.
The Glu364 to Gln substitution impairs back reactions of PS II independently of the PsbV deletion
Chlorophyll fluorescence decay following a single-turnover actinic flash can be used to probe reoxidation of Q A À in PS II by Q B or by the OEC [34, 42] , and was measured in tandem with TL (Fig. 3 , Table 3 ). In wild-type cells, the chlorophyll decay kinetics consist of a fast phase (ls) reflecting the oxidation of Q A À by bound Q B , a medium phase (ms) that is thought to arise from Q A À oxidation in centers where Q B was not bound before the actinic flash and a slow phase (s) which corresponds to the back reaction with the S 2 state of the OEC [38] . At pH 7.5 the fast phase of the fluorescence decay was slightly slowed in the E364Q cells when compared to wild-type but the medium phase was similar, suggesting the Q B binding site properties were also similar in wild-type and the E364Q mutant. In contrast, the slow phase in the E364Q strain exhibited a t 1/2 of 9.5 s compared to 1.3 s in the wild-type although both had similar amplitudes ( Table 3) . A similar trend was seen between these two strains when the chlorophyll decay was measured in cells grown and measured at pH 10.0 but in this instance the amplitude of the slow phase increased from 15% to 18% in the E364Q cells while it decreased in wild-type to 11%. The chlorophyll fluorescence decay kinetics in the ΔPsbV strain also exhibited slowed fast and slow components relative to wild-type; however, the ΔPsbV strain also had a slowed middle phase (e.g., from 1.5 ms in wild-type to 5.1 ms in ΔPsbV cells at pH 7.5 and a similar change was evident at pH 10.0; Table 3 Strikingly the E364Q:ΔPsbV double mutant exhibited kinetics more closely resembling the wild-type than either single mutant although the slow component at pH 7.5 had an elevated amplitude (24% in E364Q: ΔPsbV cells; 15% in wild-type) and there was a corresponding decrease in the amplitude of the fast component in the E364Q:ΔPsbV strain (Table 3 ). In the presence of DCMU, the decay of chlorophyll fluorescence can be fit by a millisecond component and a slow seconds component [38] . In Table 3 , the slow component is extended by approximately a factor of 2 relative to wild-type in all mutants and a slowed decay is observed in Fig. 3C,D . A large pH effect on the fast phase, however, was evident in E364Q cells [4.1 ms (3%) at pH 7.5 and 0.5 ms (2%) at pH 10.0]. The millisecond component in wild-type by comparison was 2.5 ms (2%) at pH 7.5 and 1.3 ms (3%) at pH 10.0, while in the ΔPsbV strain it remained constant at approximately 5 ms but with a slightly increased amplitude at pH 10.0 (Table 3) . Interestingly, in the case of the E364Q:ΔPsbV double mutant, the millisecond component more closely resembled the rate observed at pH 10.0 for the E364Q strain (Table 3 ). In addition, when PsbV was absent, the chlorophyll decays did not reach zero and this effect was most pronounced in the E364Q:ΔPsbV mutant in the presence of DCMU at pH 7.5 (Fig. 3B,D) . This suggests a reduced dark S 1 stable fraction of the OEC in ΔPsbV and E364Q:ΔPsbV cells.
The dark S state population of PS II is altered by the removal of PsbV and the Glu364 to Gln substitution
In order to assess the redox state of the PS II OEC following dark adaptation, measurements of flashinduced oxygen evolution were made using a Joliottype electrode. In one experiment, wild-type and mutant cells were incubated for 24 h in pH 7.5 mixotrophic conditions permissive for growth in all strains (Fig. 4A) . Charge recombination during 5 min of dark adaptation leads to a population of PS II with mixed OEC S states of around 25% S 0 Y D (ox) /75% S 1 Y D [14] ; thus, a distinct peak in oxygen evolution occurs following three single-turnover flashes (from OEC centers in an initial dark S 1 state), and a somewhat reduced 4th flash yield (initial S 0 state). In wild-type, a typical flash-induced oxygen evolution pattern was observed. However, a shift in the relative oxygen evolution favoring 4th flash oxygen evolution in cells lacking PsbV was observed with an increase in the S 0 population observed in both ΔPsbV and E364Q:ΔPsbV cells relative to wild-type and the E364Q strain, respectively (Table 4) . Impaired photoautotrophic growth and Growth conditions: strains were grown to mid-late log-phase, incubated for 8 h in pH 7.5/photoautotrophic or pH 10.0/photoautotrophic conditions, and assayed in the absence and presence of DCMU (shaded rows). In the absence of DCMU, fast phase decay occurs due to Q A oxygen evolution in strains lacking the PsbV protein meant that flash oxygen yield comparisons in pH 7.5/ 10.0 photoautotrophic conditions were made only in the wild-type and E364Q strains in a subsequent experiment (Fig. 4B) . As in the case of mixotrophic growth, flash oxygen yields were somewhat reduced in the E364Q mutant compared to wild-type, in particular at pH 10.0. Although the normalized 4th flash/3rd flash yield from the wild-type was similar between pH levels, the yield from the E364Q strain compared to wild-type was apparently more variable, reduced at pH 7.5, and elevated at pH 10.0 (Table 4) . In comparison to wildtype, the S 0 state was also increased in E364Q cells at both pH values (Table 4) revealing an increased population of a dark S 0 state in the E364Q mutant, rather than S 1 .
The analysis of the oxygen evolution parameters in Table 4 additionally found the level of misses and double hits to be similar between the strains under mixotrophic conditions; however, under photoautotrophic conditions, E364Q cells exhibited a reduction in misses at pH 7.5 and an increase in double hits at pH 10.0. Furthermore, the number of active PS II centers in the dark-adapted cells, in any of the strains, was reduced relative to wild-type in the mixotrophically grown cells and the number of active centers at pH 10.0 relative to pH 7.5 in both wildtype and the E364Q strain declined. It should be noted that steady-state oxygen evolution and PS II assembly have been shown to be similar in wild-type and E364Q cells at pH 7.5 and pH 10.0 but the removal of PsbV (in cells grown at pH 7.5 or in unbuffered BG-11) in either background reduced the number of PS II centers by approximately 55% and 65%, respectively [20, 23, 27] . ) and represent the mean of three to four independent measurements. In all panels the strains are: wild-type (black), E364Q (red), ΔPsbV (blue), and E364Q: ΔPsbV (green). In panel A and B the symbols are: wild-type, black circles; E364Q, red squares; ΔPsbV, blue diamonds, and E364Q:ΔPsbV, green triangles. In panel B empty symbols are pH 7.5 and filled symbols are pH 10.
wild-type and E364Q cells showed a typical fluorescence induction 'OJIP' curve [43, 44] . Greater variable fluorescence was observed in all strains at pH 10.0 relative to pH 7.5 following 8 h of incubation, particularly in the E364Q mutant (Fig. 4C) . Deletion of PsbV reduced fluorescence yield; this effect was enhanced by the Glu364 to Gln mutation in the E364Q:ΔPsbV double mutant. Measurements of low-temperature (77 K) fluorescence reflected similar differences between strains (Fig. S3) , wherein fluorescence at pH 7.5 with 440 nm (targeting chlorophyll) and 580 nm (targeting phycobilisomes) excitation wavelengths reflected a reduction in assembled PS II and decreased accessory pigment coupling, respectively, in ΔPsbV and E364Q: ΔPsbV cells.
The net effect of PS II function in terms of electron transport to PS I can be inferred from analysis of P 700 oxidation kinetics (Fig. 4D) . Actinic illumination of dark-adapted cells results in a prompt change in absorbance in the near-infrared due to oxidation of P 700 , which appears as a signal increase. Quenching of the signal then occurs due to a reduction in PS I by electron transport from PS II and/or cyclic electron transport via the cytochrome b 6 f complex [39] . At pH 10.0, enhanced electron transport to PS I was observed in all strains relative to pH 7.5, with greater and generally more rapid quenching of P 700 + after~0.5 s. In E364Q cells, P 700 + was apparently quenched more rapidly than in the wild-type, but deletion of PsbV both slowed and reduced the ability of electron transport to reduce P 700 + . This effect was greater in the E364Q:ΔPsbV double mutant, and it is noted that the limited variable chlorophyll fluorescence and P 700 + quenching observed in these experiments both indicate functional electron transport in this mutant, but this is presumably insufficient to maintain pH 7.5 photoautotrophic growth.
Discussion
The Glu364 to Gln substitution affects PS II electron transfer processes, due to an effect on Y D Previous studies of loop E in CP47 identified amino acid residues that are now known to be located adjacent to Y D [3, 4, 16] that were important for PS II assembly and function [19, 45] . Among these a Glu364 to Gln substitution in CP47 appeared to produce only a minor phenotype, but the inability of an E364Q:ΔPsbV double mutant to grow photoautotrophically indicated the importance of this residue [20, 21] . Although the Glu364 to Gln substitution did not substantially affect growth and oxygen evolution in the earlier studies, this study has unmasked potentially deleterious changes in PS II electron transfer processes in the E364Q strain, which we attribute to alterations in the H-bonding network around Y D (Fig. 1) . The striking increase in TL yield in the E364Q mutant ( Fig. 2A,C ; Table 2 ) suggests an increased probability that P 680 * is repopulated during charge recombination in this strain with the likely consequence that the efficiency of nonradiative charge recombination would be reduced [34] . This might arise as a result of a destabilization of the interaction of D2 Arg294 with D2 His189 in the E364Q mutant modifying the formation of the neutral radical (Y D˙) . Such a situation would reduce the Strains were grown in pH 7.5/mixotrophic conditions, and wild-type and E364Q strains grown in photoautotrophic pH 7.5 and pH 10.0 conditions, for 24 h. The comparison of the fitted flash-induced oxygen evolution data to the experimental measurements is shown for the mixotrophically grown cells in Fig. S1 and for the photoautotrophically grown cells in Fig. S2 .
capacity of Y D to reduce P680 + and could increase C band emission, as well as B and Q band emissions, in the E364Q strain. Certainly, an increased overall TL emission from E364Q cells compared to wild-type points to modified redox potentials for specific S states or for the quinone electron acceptors resulting in altered stabilization of the S 2 Q B À / S 2 Q A À states. However, a shift in TL peak temperatures in E364Q cells in both the presence and absence of DCMU points to a change on the donor side of PS II rather than an alteration in the vicinity of Q A or Q B [46] . 
External pH affects electron transfer processes within PS II in intact cells
The external pH affected TL, variable chlorophyll fluorescence induction, and the chlorophyll fluorescence decay kinetics following a single actinic flash in all Synechocystis 6803 strains, including the wild-type. Likewise, the combined effect of linear and cyclic electron transfer on P700 + rereduction was enhanced at pH 10.0 relative to pH 7.5 (Fig. 4D) . This is in spite of the prevailing theory that the thylakoid lumen is approximately 2 pH units lower than the cytosolic pH [48, 49] , which is well buffered, varying between pH 6.8-7.2 in Synechocystis 6803 at an external pH of 8.0-10.0, respectively [50] . Q A À stability was also potentially stabilized in wild-type, as judged by the increased amplitude for the C band in the presence of DCMU and an increase in T max in the absence of DCMU ( Table 2 ). The impact of pH on Y D
Q A À stability was most evident in E364Q cells whereupon increasing the pH from 7.5 to 10.0 increased both the T max and amplitude of the C band both in the presence and absence of DCMU (Table 2) . Additionally, an increase in both the B and Q band T max values for E364Q and E364Q:ΔPsbV cells at pH 10.0 also indicates that the external pH can influenced the stability of both S 2 Q A À and S 2 Q B À . It is possible that despite the buffering capacity of the cytosol the thylakoid lumen does become more alkaline when cells are in pH 10.0 media. This could help maintain the S 1 /S 0 ratio in the dark to favor a more stable OEC [10, 14] . This might counteract the effects of the Glu364 to Gln mutation and/or the loss of PsbV leading to the enhanced rates of electron transport observed in Fig. 4D and the reactivation of photoautotrophic growth in E364Q:ΔPsbV cells at pH 10.0 [23] .
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